Abstract Tertiary filtration can be proposed in small wastewater treatment plants with impact on protected water bodies. Rotating disk filters may be adopted, in respect to conventional sand filters, when low availability of space and low investment costs are the prevailing conditions. The overall objective of this research was to evaluate the filtration efficiency of rotating disk filters; to compare effectiveness with traditional sand filters; to analyse thoroughly the importance of particle size distribution in wastewater tertiary filtration. In the experimental activity, conventional wastewater quality parameters were investigated and particle size distribution (PSD) was characterized to discuss the filter effectiveness. The effect of design and operation parameters of tertiary filters were discussed related to particle removal curves derived from particles counts. Analysis of particle size distribution can be very useful to help comprehension of filtration processes, design of filtration treatments and to decide the best measures to improve filter performance.
Introduction
Stringent limits on wastewater discharges imposed by new regulations in the European Union are based on territorial constraints. In tourist areas, high efficiency of treatment is required for small wastewater treatment plants, which have many difficulties related to the load variability concentrated in a few months of the year and the simplicity of the processes implemented. Wastewater reclamation and water potential for irrigation and industry may be increased by advanced treatment of secondary effluents to meet specified effluent quality objectives. The filtration as a tertiary step has a substantial effect on the efficiency of wastewater treatments as BOD 5 , COD and SST, promoting an effective impact on water body quality and improving disinfection effectiveness as well as allowing the discharge in highly protected systems.
Sand filters are the most adopted option all over the world. Sand filtration needs high availability of space and often it cannot be adopted in upgrading small wastewater treatment plants (Hatziconstantinou et al., 1995; Kobler and Boller, 1997; Ødegaard and Skrovseth, 1997; Hamoda et al., 2004) . Particularly, in some typical situations of Mediterranean coastal areas, choice of wastewater treatments is addressed toward compact technologies, due to the limitations of land availability (Dohmann et al., 1996; Schwille et al., 2002) .
Rotating disk filters (RDF) can be interesting when low availability of space and low investment costs are the prevailing conditions. Different technologies adopted for RDF offers a means of dynamic filtration that minimizes the plugging of the filter pores with particles and the build-up of a cake layer (Ohkuma et al., 1994; Serra and Wiesner, 2000; Schwille et al., 2002) . In the design and operation of a rotating filter, there are a large number of variables that affect the filtration performance including operational parameters that can be varied by the device operator, suspension parameters that are dependent on the physical characteristics of the suspension that is being filtered, and geometric parameters that are related to the physical dimensions of the device (Hatziconstantinou et al., 1995; Boller, 1997; Christophe, 1998; Schwille et al., 2002) .
Usually the performance of the filtration systems have been based on common operational parameters such as pressure loss, cycle time or total removal of suspended solids; with these parameters, only large particles representing the major part of the suspended volume or mass were considered (Ødegaard, 1998; Adin, 1999; Marquet et al., 1999) .
In many studies PSD was measured with a Coulter counter or other instruments, but most of these methods are only applicable to count bigger particles and often require artificial solutes (Lawler, 1997; Kaminski et al., 1997; Kobler and Boller, 1997) . The PSD measuring particles down to 20 mm can reveal a lot more information than simple analysis of suspended solids. Another requirement for filtration studies is to gain information also on the number concentrations of particles in different size classes. Therefore, PSD data are best based on single particle counting. From a technical point of view this is not always an easy task. The number concentration of colloidal particles in natural systems (like treated wastewater) are often too high and, depending on the particle counter, require careful dilution of suspension samples (Kobler and Boller, 1997; Lawler, 1997; Adin, 1999) .
In this study the efficiency of a pilot scale rotating disk filter (RDF) was tested and compared to a full scale conventional sand filter (SF). Their application on small wastewater treatment plants as tertiary treatment was also discussed.
Material and methods
A RDF pilot-plant was installed close to a full-scale SF unit at Mercato San Severino wastewater treatment plant; in this way all tests were carried out simultaneously with the same influent.
The treatment plant of Mercato San Severino (Salerno, Italy) is based on a conventional biological process scheme, and actually treats both domestic and industrial discharges. Pre-treatment of this plant is based on screens and grit removal, while secondary treatment is performed with activated sludge. Tertiary treatment is carried out by a conventional deep bed sand filter. Disinfection is obtained by chlorination. SF is an unstratified mono-medium unit that works in downward mode with a filtration rate of 150 l/m 2 min. A batch backwash operation occurred every 45 min. The main quality parameters of treated wastewater are showed in Table 1 . In Figure 1 the RDF pilot plant is illustrated; the device is composed of two inner porous filter disks to separate particles from the fluid, and a semi-cylinder housing. The length of the diameter of the filter disks is 30 cm, and the overall surface of both filters is 1413 cm 2 . The experimental flow rate treated in the pilot plant was fixed at 5 L/s. The filtrate was removed via ports in the bottom block at the right and left end of the test cell. Several water nozzle ports along the upper housing sides of the disks filter are necessary to purge the system in working conditions. A direct-drive stepper motor and controller were used to rotate the inner cylindrical filter. The filter medium was a porous iron disk with a specific pore size, according to the manufacturer. In this study, two 
V. Naddeo and V. Belgiorno different pore sizes of the filter medium were tested, 35 mm (RDF35) and 10 mm (RDF35) respectively. The characterization of the main wastewater parameters were performed in the Environmental Engineering Laboratory of the University of Salerno (Fisciano, SA, Italy). All analyses were carried out at dry weather conditions on composite samples, taken with an automatic sampler system. Samples were taken, in both filtration systems, from three different points. The first sample was taken from the effluent of the secondary settling tanks immediately before the sand filter (influent of both filtration units), the second and the third samples were taken from the effluent and the backwashing. COD and TSS were detected for all collected samples following the standard methods (AWWA-APHA-WEF, 1998).
The characteristics of filtration systems and the size of filter medium were also studied with particle size distribution (PSD) analyses. Samples of 1 L stored in brown glass bottles were used for PSD analyses. The discrete PSD was determined by a SPC-device (Particles Measuring Systems Inc., Model APSS-200). It works as a combination of a laser scattering light detector for smaller particles and a laser light blockage detector for bigger particles. A Model APSS-200 was used, sampling volumes of 250 mL. In order to calibrate the instrument, thresholds of 2, 5, 10, 15, 20, 25 and 30 mm were used to establish the individual channels of the sensor over a wide range from 2 to 125 mm. These detectors are able to recognise single particles in a solution with a limited particle concentration; samples like treated wastewater had to be diluted to allow single particle counting. Therefore, the sensor was equipped with a specific dilution unit. It allows direct dilution of the suspension up to a factor of 60 without changing the dispersion medium. In this study the samples were pre-diluted with deionised and 0.1 mm filtered water and then diluted by a factor of 10 on the analysis device immediately before the particle measurement.
Results and discussion
TSS concentration in the influent ranged generally between 30 and 60 mg/L, with an average of 32 mg/L; in the effluent the concentration is drastically reduced (Figure 2) . The influent COD concentration varied between 66 and 106 mg/L, with an average of 86 mg/L, while in the effluent the COD reduction over 30% has comparable for all tested systems. These results highlight how all filtration systems work well and the effluent quality was acceptable for Italian MCL (COD , 125 mg/l; TSS , 35). Anyway the SF unit definitely has a better performance with respect to TSS removal.
The results of the PSD and particle removal in all tested conditions are respectively shown in Figures 3 and 4 . Excellent filter performance was observed in the SF system which operates at a very low filtration rate. Except for the particle size range, lower than Figure 1 Rotating disk filter pilot-plant V. Naddeo and V. Belgiorno 15 mm, particle removal of more than 90% was achieved and reached more than 96% in the size range above 20 mm.
The same behaviour, but with a somewhat lower efficiency, was observed in the RDF systems (Figure 4) .
The results showed that in SF there is a poor colloid removal. In fact, particles below a size of 10 mm are virtually not removed in SF and may even be produced by folc disruption in the filter bed, as confirmed in the literature (Kobler and Boller, 1997; Lawler, 1997; Adin, 1999) . This effect is not present in the RDF system where layer filtration occurs with respect to deep-filtration of SF.
These results are also explainable if we suppose that each particle group size is ruled by a different mechanism of removal. Particles smaller than about one micrometre are transported by diffusion. Larger particles are transported by gravity. Transport of relatively large particles may also be dominated by interception, or they may be retained by interstitial straining. Lawler (1997) showed that particles of 1 -10 mm in size have minimal opportunity for removal in deep filtration systems, since transport mechanisms of these particles within the filter bed are less efficient. Particle overall volume distribution (PVD) can be calculated from PSD data assuming a spherical shape with a diameter equal to the logarithmic average of the particle diameter measured in each measured size range. While particle number increases inversely with particle size, PVD resembles more like a bell shaped curve. Distribution of cumulative volume of particles is plotted in Figure 5 .
The clear explanation is that since particle volume is a third power of particle size, the total volume of the small particles is small in spite of their larger number, while the total volume of the larger particles is small due to their smaller number. Such a calculation may help determine solids volume entrapped within a filter bed or a dripper between predetermined particle sizes. This process theory generally assumes uniform suspended particles (Richert and Hunter, 1971; Lawler, 1997) . That assumption is inaccurate for wastewater effluent suspensions, where particle size may range from several nanometres up to more than 100 micrometres. Transport equations express strong dependency of transport mechanism efficiency on particle size (Kobler and Boller, 1997; Lawler, 1997; Neis and Tiehm, 1997; Adin, 1999) . In order to know on which mechanism to focus, it is necessary to determine the relevant size group of particles in the wastewater by PSD analysis. The results showed that the examined filters reach particles removal rates of more than 80% if the particles volume is taken as a reference for particulate mass removal. Therefore, the particles volume which is formed mainly by big particles is not a sensitive parameter to evaluate filter performance. If particle number counts are additionally considered, the filter plants could be classified according to their different ability to remove small particles, especially in the size range lower than 20 mm.
The average TSS and COD removal measured in the all tests (Figure 2 ) can be compared to the removal of total particle numbers, total particle surface and total particle volume ( Figure 6 ). From different investigations it is known that the larger particles (higher than 10-20 mm) contribute the most to the solids mass expressed as TSS concentration (Kobler and Boller, 1997; Lawler, 1997; Adin, 1999) . Since the bigger particles represent also the dominant volume fraction, particle volume removal may give a good indication of TSS removal performance.
The results show that, according to the PSD, particle volume and particle numbers removal may differ enormously. Whereas solids mass and particle volume removal are very high in the SF system, particle numbers are removed by a very limited amount indicating poor particle retention for small particles. A rotating disk filter, with a pore size media of 10 mm, has a comparable TSS removal with respect to SF, against better performance in small particles removal.
Conclusions
Tertiary filtration is often needed also in a small wastewater treatment plant. Mechanical filters are an interesting option when low availability of space and low investment costs are the prevailing conditions.
Experimental activity performed showed better results for sand filtration in comparison with RDF performances; anyway the water quality of all tested systems was well under the Italian standard limits. In the SF system particles below a size of 15 mm are virtually not removed and may even be produced by floc disruption. Effectiveness of the mechanical filter (RDF) is strongly dependent on particle size distribution. More information is needed on the influence of operational conditions on RDF. Sand Filter RDF35 RDF10 Figure 6 Comparison of total particle numbers, total surface and total volume removal V. Naddeo and V. Belgiorno
Repeated particle analysis showed that the pattern of particle removal curves for both filter systems stayed usually constant and confirmed that PSD measurement is a reproducible method for filter evaluation in practice. Particle size distribution can serve as a powerful tool for understanding filter behaviour and discrepancies in case of filtration under various conditions. It may be applicable for advanced wastewater filter design. PSD should be taken into consideration in filtration models, rather than relying on a single representative particle diameter of questionable value.
Particle removal as a function of a particle's size could be calculated and represents an excellent designer monitoring tool. Anyway more research work to standardize measures is required to introduce particles size distribution as the usual characterization parameter.
